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Abstract
The long-standing discrepancy between pp-bremsstrahlung data and calcu-
lations based on the relativistic impulse approximation current is substan-
tially reduced by the inclusion of the PVγ and intermediate-state ∆-resonance
iso-scalar meson-exchange currents. The success of the standard procedures
adopted here shows that pp-bremsstrahlung provides a powerful tool for the
further study of T=1 isoscalar exchange currents. The need for addition
high-precision data is stressed.
PACS:13.75.Cs, 25.20.Lj
Typeset using REVTEX
1
In earlier work [1] we calculated a number of pp-bremsstrahlung observables within a
relativistic meson-baryon model. We included initial- and final-state interactions, as well as
the numerically cumbersome rescatter contributions, as shown in Fig 1(a-c). We placed spe-
cial emphasis on a consistent approach to both the 1- and 2-body problems, i.e., the strong
interaction potential [2,3] and the form factors it contains [3,4], were both microscopically
calculated from a consistently parameterized meson field-theoretic Lagrangian. However,
we considered the electromagnetic interaction only in relativistic impulse approximation
and our results shared the discrepancy with experiment [5] reported elsewhere [6–12].
In Fig 2 we present results of these calculations, now extended to provide the first fully
consistent comparison of the Paris [13], Nijmegen [14], Bonn [15] and RuhrPot [2] interac-
tions. The selected geometries essentially correspond to best- and worse-case comparison
with experiment. It may be observed that, when the data is not dominated by uninterest-
ing phase space variations, the differences between the results from these models is smaller
than their collective discrepancy with experiment. We conclude that the failure of all recent
attempts to describe the pp-bremsstrahlung data has little to do with the model-dependent
choice of the half-off-shell t-matrices, but indicates a sensitivity to the T = 1 isoscalar
meson-exchange currents.
Indeed, some 16 years ago Taitor et al [16] showed that the pp-bremsstrahlung observ-
ables at photon energies as low as 80 MeV may take large contributions from meson-exchange
currents involving an intermediate-state ∆-resonance. Such results must be taken as indica-
tive, rather than conclusive, because the off-shell direct amplitudes shown in Fig 1(a-c) were
included as the measured elastic scattering cross section data. This not only implies that the
direct amplitudes are taken in the notoriously unreliable soft-photon approximation, it also
means that all interferences between the meson-exchange and direct amplitudes are neces-
sarily neglected. Not even the relative sign of these contributions can be properly defined
and must simply be chosen to optimize the correspondence with experiment. Nonetheless,
the calculations by Taitor et al are useful and interesting because they predicted a large
contribution from the intermediate-state ∆-resonance exchange currents, and this motivates
us to examine such processes in a more systematic fashion.
In the present work we extend our earlier calculations to include the dominant meson-
exchange currents contributing to the pp-bremsstrahlung observables. The exchange cur-
rents are calulated in the standard field-theoretic formalism [17–19] and include not only
the intermediate-state ∆-resonance excitation via π− and ρ−meson exchange, as shown in
Fig 1d, but also the ρπγ, ωπγ, ρηγ, ωηγ interactions, as shown in Fig 1e. We adopt the
RuhrPot [2] interaction in order to obtain consistency between the meson-exchange currents
and the wave functions. This immediately fixes all NN-meson coupling constants and form
factors. For the exchange currents involving intermediate-state ∆-resonance excitation we
use,
LN∆pi = −
gN∆pi
2m
ψ¯µ~τN∆ψ∂µ~π + h.c.
LN∆ρ = −i
gN∆ρ
2m
ψ¯µγ5γν~τN∆ψ~ρµν + h.c.
LN∆γ = −i
epµN∆
2m
ψ¯µγ5γν~τ 3N∆ψFµν + h.c. (1)
and take gN∆pi=28.85 to be consistent with the observed width Γ∆=115 MeV (This value is
also consistent with both Chew-Low theory [20] and the Strong Coupling Model [21]). We
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also adopt the familiar SU(6) result gN∆ρ=gNNρ(1+κρ)gN∆pi/gNNpi, so that vector dominance
implies µN∆ =
1
2
(1+κiv)gN∆pi/gNNpi. For the real photon, the Dirac and Pauli electromagnetic
form factors obviously reduce to their normalization values, and since the present work is
confined to low Q2, we approximate the strong form factors as FN∆α = FNNα for α=π, ρ.
For the electromagnetic coupling to the vector-pseudovector meson currents we have,
LPVγ = −
epgPVγ
2m
V
ǫµνστFµν~φ
V
σ
.∂τ ~φ
P
, (2)
with V=ρ, ω and P=π, η, and we fix the coupling constants to their experimental [22] values
of gρpiγ=0.55, gωpiγ=2.03, gρηγ=1.39 and gωηγ=0.31. We emphasize that this description of
the meson-exchange currents introduces no free parameters and is fully consistent with both
the strong-interaction and the form factors it contains. Since we retain our microscopic
description of the NN-interaction, all interferences are included. No form of soft photon
approximation is adopted at any stage.
There are important differences between the present work and other recent calculations
which incorporate N∆γ(π, ρ), ρπγ, ωπγ, ρηγ and ωηγ currents into pp-bremsstrahlung.
First, like ref [23], we retain the dominant V Pγ exchange currents that are neglected in
ref [24]. These currents are certainly smaller than the N∆γ(π) exchange currents but, in
particular, the ωπγ contribution has a magnitude which is similar to that of the N∆γ(ρ).
Second, we require no unphysical free parameters to avoid double-counting of N∆ intermedi-
ate states and our approach guarantees a consistent description of coupling constants, form
factors and particle masses in both the exchange currents and the wave functions. Finally,
although the t∆N-matrix expansion carries the advantage of providing a non-perturbative
description of the ∆ degrees of freedom in the wave function, it also creates the necessity
to compute wave function re-orthonormalization contributions. We realize that the well
known cancellation of wave function re-orthonormalization and meson-recoil amplitudes in
the NN→NN transition [25] fails for NN→ ∆N transitions, even in the static limit. As
such, the neglect of both meson-recoil and wave function re-orthonormalization contribu-
tions in refs [23,24] intoduces an approximation whose importance is difficulty to assess in
the presence of a free parameter.
By describing the exchange currents perturbatively, we automatically include the meson-
recoil contributions and we formally have no need of wave function re-orthonormalization
terms [25]. In addition, the precision of this perturbative approach can be crudely estimated
by noting that the impulse approximation rescatter amplitudes of Fig 1c represent a correc-
tion of less than 15% to the dominant nucleon-pole contributions shown in Fig. 1(a,b). At
the geometries where comparison is possible, the numerical results of our exchange current
calculations are actually fairly similar to the t∆N-matrix calculations reported in refs [23,24],
although we realize this conclusion depends on the free parameter adopted in those works.
In Fig 3 we compare the individual contributions of the impulse approximation current,
the perturbative intermediate-state ∆-resonance excitation via π− and ρ−exchange, and
ρπγ, ωπγ, ρηγ and ωηγ exchange currents. We fix the coplanar kinematics for this analysis
at Elab=280 MeV with θ1 = 16.0
◦ and θ2 = 27.8
◦ since the existing data at this geometry
exhibits significant variation from phase space and is typical of other data that are poorly
described by recent calculations. We observe that the ωπγ contribution is clearly larger than
those of the ρπγ , ρηγ and ωηγ, the last two being essentially negligible. Clearly the most
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important exchange current contribution involves intermediate-state ∆-resonance excitation
via π-exchange.
In Fig 4 we compare pp-bremsstrahlung observables with calculations that include or
neglect intermediate-state ∆-resonance excitation and ρπγ, ωπγ, ρηγ and ωηγ interactions.
Clearly the inclusion of the exchange currents substantially reduces the long-standing dis-
crepancy with experiment. We checked all other geometries reported in ref [5] and found
essentially the same result. (The data are presented here without the arbitrary 2
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scaling
that has sometimes been introduced to improve the correspondence to the impulse approx-
imation results). The magnitude of the exchange current contributions shows, contrary to
the expectations of earlier publications, that pp-bremsstrahlung cannot be simply calculated
in impulse approximation to test the accuracy of various off-shell NN t-matrices. The obvi-
ous consequence of this is that the process can only be meaningfully investigated within a
microscopic theory where consistency between the strong form factors, the NN-interaction
and the exchange currents can be explicitly guaranteed.
We stress that both the sensitivity and selectivity of the pp-bremsstrahlung data to the
T = 1 isoscalar meson-exchange currents provides a unique opportunity for the study of
a range of more subtle effects of current interest. These include not only resonance width
effects, but also relativistic corrections to the exchange current operators. To that end, we
appeal to the experimental community to provide more high precision data, particularly at
the kinematical conditions where the impulse approximation calculations fail.
In conclusion, we find that a consistent and microscopic inclusion of the dominant meson-
exchange current contributions in pp-bremsstrahlung shows that the application of standard
calculation procedures substantially reduces the long-standing discrepancy with experiment.
No free parameters enter the present calculation. Consistency between the wave functions
and exchange currents is guaranteed since the the NN-interaction, the strong form factors
and all meson-exchange currents are all calculated from a consistently parameterized effective
Lagrangian. All interferences have been calculated without approximation and no form of
soft photon approximation is used at any stage. Additional high-precision data will be
critical to the further study of resonance width and relativistic effects, provided emphasis is
placed on the kinematically complete geometries where the impulse approximation results
are at variance with experiment.
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FIGURES
FIG. 1. Dominant contributions to pp-bremsstrahlung observables: (a) initial-state, (b) fi-
nal-state and (c) rescatter impulse contributions, (d) intermediate-state ∆-resonance and (e) ρpiγ,
ωpiγ, ρηγ and ωηγ meson-exchange currents. All such contributions are included in the present
work.
FIG. 2. Comparison of coplanar pp-bremsstrahlung data [5] at Elab=280 MeV with calcu-
lations using wave functions obtained from various NN-interaction models but current densities
confined to the relativistic impulse-approximation. Initial-, final- and rescatter-correlations are in-
cluded with partial waves summed to Jmax=8. All models give essentially equivalent results which
differ from experiment when phase space variations are not extreme.
FIG. 3. Square of the pp-bremsstrahlung invariant amplitude as a function of the photon
emission angle at Elab = 280 MeV for proton co-planar scattering angles of 16.0
◦ and 27.8◦. The
impulse approximation (IA) corresponds to Fig 1(a-c). The pi− and ρ−exchange contributions to
the N∆γ exchange currents of Fig 1(d) are shown separately. The ρpiγ and ωpiγ correspond to
Fig 1(e). The negligible amplitudes resulting from the ρηγ and ωηγ contributions are not shown.
FIG. 4. Comparison of coplanar pp-bremsstrahlung data [5] at Elab=280 MeV with calcula-
tions using wave functions obtained from the RuhrPot NN-interaction and current densities that
include (IA+MEXC) or neglect (IA) the N∆γ, ρpiγ, ωpiγ, ρηγ and ωηγ exchange currents. The
long-standing discrepancy with experiment is substantially reduced at these and other geometries.
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